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Description 

MICROFLUIDIC MULTI-COMPARTMENT 
DEVICE FOR NEUROSCIENCE RESEARCH 

Background of Invention 

[0001] This application claims priority from U.S. Provisional 

Patent Application No. 60/416,278 filed on October 4th, 
2002, entitled "Microfluidic Multi-Compartment Device for 
Neuroscience Research" and incorporated herein by refer- 
ence. 

[0002] FIELD OF THE INVENTIONEmbodiments of the invention 

described herein relate to the field of nanotechnology and 
are more specifically directed to a microfluidic multi- 
compartment device for neuroscience research. 

[0003] BACKGROUND A multi-compartment culturing device for 
neuritic isolation was first described by Campenot for pri- 
mary cultures of sympathetic neurons. In this method, a 
tissue culture dish is coated with collagen and parallel 
lines, spaced 200 um apart, are scratched along the sur- 
face of the dish. A three-compartment Teflon piece is 



sealed to a Petri dish with silicone grease and neurons are 
plated in the small central chamber of the Teflon piece. 
Nuerites grow outwards into the two other compartments 
on either side, aligning parallel to the scratches. Varia- 
tions of the Campenot chamber have been used in studies 
of various types of long projection neurons. However the 
Campenot chamber did not work well when used to cul- 
ture cortical and hippocampal neurons. 
[0004] ivins, et al. developed a chamber designed for cortical and 
hippocampal neuron cultures using a relatively short bar- 
rier distance (150um versus 300 um in the classic Camp- 
enot chamber). These chambers use a glass coverslip 
fixed to hemisected Teflon tubing using Sylgard 184 (Dow 
Corning, Corning NY). A small amount of silicone vacuum 
grease is applied to the bottom of the converslip using a 
dissecting microscope and the whole apparatus is placed 
on the tissue culture dish. Neurites extend through the 
vacuum grease barrier between the polystyrene and the 
coverslip, if the vacuum grease barrier is sufficiently thin. 
A problem with these devices is that the process of mak- 
ing the chambers is laborious and their successfulness is 
directly related to the skill level of the individual using the 
device. Additionally, there is no alignment of neurons and 



the apparatus is not compatible witli live cell imaging, 
thus, the effects of insults were observed only after the 
cells were fixed. 
Summary of Invention 

[0005] Cell culture methods are a commonly used research tech- 
nique that allows the systematic manipulation of a growth 
condition of cells. In cell culture the culture media and 
substrate can be varied under controlled conditions. With 
well known culturing techniques the entire cell is exposed 
to the same conditions. However, for purposes of con- 
ducting experiments this is not always advantageous. 
Some cells can be asymmetrical and parts of the cell spe- 
cialized. Neurons, for example, are polarized and have 
many processes that extend over relatively long distances 
(e.g., axons). Embodiments of the invention provide a de- 
vice that enables the researcher engineer microenviron- 
ments at a cellular level. The ability to control fluidic and 
surface properties at the micron-scale, appropriate for 
cell biology, using microfabrication processes provides 
new opportunities for investigating fundamental biological 
processes. A researcher may, for instance, selectively iso- 
late and treat specialized portions or domains of the cell. 
The researcher can direct the sites of neuronal attachment 



and the orientation and lengtli of neurite outgrowtli by 
micropatterning tecliniques sucli as microcontact printing. 
Secondly, by maintaining fluidically isolated domains 
within the culture area researchers can deliver a series of 
positive or negative stimuli to the soma, axons or den- 
drites. Neurons represent an excellent cell type to illus- 
trate the concept of selective isolation and treatment and 
are therefore used herein for purpose of example. Those 
of ordinary skill in the art, however, will recognize that 
neurons are a test case and that the device described 
herein has applicability to other types of cells or biological 
type applications. 
[0006] Embodiments of the invention are directed to a microfab- 
ricated neuronal device that combines microfabrication, 
microfluidic, and surface micropatterning techniques to 
create a multi-compartment neuronal culturing device 
that has application across a number of different neuro- 
science uses. Glass or plastic culture dish surfaces may be 
patterned with molecules (e.g., poly-lysine and laminin) to 
guide attachment and growth and a microfabricated de- 
vice with embedded microchannels is fabricated and 
sealed against the patterned substrate. Neurons placed 
inside the microfluidic device can be cultured until the ax- 



ons and dendrites have grown across a barrier witli em- 
bedded channels at which point positive or negative stim- 
uli may be selectively applied to distal portions of the 
neurites. Because the device allows for active control and 
fluidic isolation of neuronal or other microenvironments it 
enables researchers to explore new avenues of research 
for neurodegenerative diseases. Researcher can, for in- 
stance, use the device to mimic changes that are pre- 
dicted to occur in local microenvironments in the aging 
and diseased brain. The device, for instance, is useful in 
conducting Alzheimer's disease (AD) research where the 
ability to expose insults locally to portions of a neuron is 
desired. For instance using the device a researcher can 
control the sites of soma! attachment, deposit gradients 
of attachment factors on the substrate, and maintain fluid 
phase gradients of trophic factors or neurotoxic insults. 
Because the device allows investigation into how neuritis 
and somas respond to different microenvironments the 
device has broad applicability in other areas of the neuro- 
sciences and is useful in conducting research relating to 
Spinal Cord Injury (SCI) and/or other injuries or diseases 
affecting the nervous system. 
[0007] The device has at least two compartments connected by a 



region having micron-sized grooves at the bottom of a 
barrier region, while maintaining fluidic integrity. Use of 
an optically transparent polymer allows for live cell imag- 
ing and microfluidics provides a mechanism to isolate do- 
mains within the culture area with the ability to deliver 
positive or negative stimuli to the soma, axons, or den- 
drites. When substrate patterning methods are applied, 
the device can be configured to direct the sites of neu- 
ronal attachment, orientation, and length of neurite out- 
growth. 

[0008] The device is fabricated in one or more embodiments us- 
ing soft lithography techniques, such as poly(dimethyl 
siloxane), PDMS. Once made, the PDMS device is placed on 
a tissue culture dish (polystyrene) or glass substrate, 
forming two or more compartments. These compartments 
are separated by a physical barrier in which a number of 
micron-size grooves are embedded to enable neurties (or 
some other portion of a cellular organism) to grow across 
the compartments while maintaining fluidic isolation. Vol- 
umes less than 2 ul each can be used. However, devices 
having compartments with greater or lesser volumes are 
still considered to fall within the scope of the invention. 
Cells can be plated into a somal (cell body) compartment 



and after a period of time (approx. 3-4 days), neuritis ex- 
tend into tlie neuritic compartment via the grooves. Tlie 
small grooves connecting the two chambers have enough 
hydrostatic pressure difference between the two compart- 
ments that viability is achievable for many hours. In one or 
more embodiment of the invention, viability of the neu- 
rons in the devices is approximately between 50-70% af- 
ter 7 days in culture; this is slightly lower but comparable 
to control grown on tissue culture dishes (70%-80%). 
Thus, healthy neuron morphology is evident in both the 
devices and controls. 
[0009] Devices embodying one or more aspects of the invention 
have the ability through the introduction of hydrostatic 
pressure to isolate insults to one compartment and thus 
expose localized areas of neurons to insults applied in 
soluble form. For instance, small grooves connecting the 
two chambers (e.g., somal and neuritic) have enough re- 
sistance that a hydrostatic pressure difference between 
the two compartments results in the ability to contain and 
isolate a biomolecular insult (i.e., beta-Amyloid, MW=3-4 
kD) in the lesser volume compartment for many hours 
(e.g., 15 or more). Thus insults can be contained in one 
compartment (e.g., the neuritic compartment) without ap- 



preciable leakage into the somal compartment. 
[0010] Visualization and identification of neurons is feasible us- 
ing polylysine patterning in combination with the mi- 
crofluidic device. In one or more instances, the device is 
constructed to have multiple chambers. At least one of 
these chambers is configured to direct the sites of neu- 
ronal attachment and the orientation of neurite outgrowth 
by micropatterning techniques, combined with fluidically 
isolated compartments with the culture area. The ability to 
direct the sites of neuronal attachment and the orientation 
of neurite outgrowth by micropatterning techniques, com- 
bined with fluidically isolated compartments within the 
culture area offer significant advantages over standard 
open culture methods and other conventional methods for 
manipulating distinct neuronal microenvironments. The 
device may have two or more compartments thereby al- 
lowing the application of substances to more than one 
neurite location and can be applied to neuronal and non- 
neuronal cells. 
Brief Description of Drawings 

[0011] Figure 1 illustrates a process for fabricating the neuron 

chamber configured in accordance with an embodiment of 
the invention. 



[0012] Figure 2 depicts viability of neurons inside tlie microfabri- 
cated device configured in accordance witli one embodi- 
ment of tlie invention. 

[0013] Figure 3 illustrates fluidic isolation using fluorescence in- 
tensity measurements of fluorescein (400 Da) in somal 
and neuritic compartments. 

[0014] Figure 4 illustrates a demonstration of neuronal culture 
inside the microfabricated device and effectiveness of 
neuritic insult containment. 

[0015] Figure 5 illustrates that when using substrate micropat- 
terning the microfabricated device allows oriented growth 
of neuron processes across fluidically isolated chambers. 

[0016] Figure 6 illustrates a schematic of the different ap- 
proaches for patterning neurons to control direction of 
growth. 

[0017] Figure 7 illustrates a schematic diagram of a microfluidic 
network and a representative microfluidic generator con- 
figured in accordance with at least one embodiment of the 
invention. 

[0018] Figure 8 illustrates fluorescence micrographs showing (b) 
linear and (c, d) parabolic gradients of fluorescein in solu- 
tion. 

[0019] Figure 9 illustrates fluorescence micrographs of complex 



gradients possible witli tlie microfluidic approacli. 

[0020] Figure 10 illustrates the effect of linearly decreasing con- 
centration of IL-8 on neutrophil migration. 

[0021] Figure 11 illustrates a schematic representation of virtual 
barrier device and examples of virtual barriers between 
two fluorescently labeled solutions. 

[0022] Figure 12 illustrates a schematic for the fabrication of vir- 
tual barrier microfluidic neurochamber. 
Detailed Description 

[0023] Embodiments of the invention are directed to a Microflu- 
idic Multi-Compartment Device for Neuroscience or other 
Research. In the following exemplary description numer- 
ous specific details are set forth in order to provide a 
more thorough understanding of embodiments of the in- 
vention. It will be apparent, however, to an artisan of ordi- 
nary skill that the present invention may be practiced 
without incorporating all aspects of the specific details 
described herein. The quantities and measurements con- 
tained herein are approximations that can in some in- 
stances be varied to any degree that enables the invention 
to accomplish the function for which it is designed. In 
other instances, specific features, quantities, or measure- 
ments well-known to those of ordinary skill in the art 



have not been described in detail so as not to obscure tlie 
invention. Readers should note, that although examples of 
the invention are set forth herein, the claims, and the full 
scope of any equivalents, are what define the metes and 
bounds of the invention. 

[0024] Fabrication of Neuronal DevicesThe neuron culture device 
configured in accordance with one or more embodiments 
of the invention are created using microfabrication tech- 
niques, such as photolithography, to create a master mold 
with micron-resolution. Soft lithography is a cost effective 
method used to replicate chambers and devices from a 
"master" mold, usually using the elastomer, poly 
(dimethylsilozane) (PDMS). Thus the devices may be fabri- 
cated for single use to minimize contamination and re- 
producibility issues. Because once a mold is formed repli- 
cation of a PDMS device is relatively straight forward, the 
approach enables reproducible fabrication of a number of 
devices for each experimental run. 

[0025] Figure 1 illustrates a process for fabricating a neuron 

chamber configured in accordance with an embodiment of 
the invention. The fabrication processes illustrated herein 
are given for purposes of example only and other meth- 
ods for making the microfluidic device described are also 



contemplated as being part of the invention. As Figure 1 
sliows, a top piece of tlie cliamber is fabricated in PDIVIS 
by molding against a master that has a two-level photore- 
sist pattern. Steps A and B show the formation of mi- 
crogrooves (~3 um high and -10 um wide) in the master 
using a thin photoresist layer. The size of the grooves is 
designed to limit the neurons in the somal chamber while 
allowing the growing neuritic processes to cross from one 
chamber to another. However, the sizes may vary depend- 
ing on the circumstances and other sizes that also accom- 
plish this same or a similar function are also considered 
part of the invention. Well-defined grooves with con- 
trolled dimension allow each chamber to function in a flu- 
idically isolated manner. Steps C and D show the fabrica- 
tion step for main compartments for somal and neurite 
chambers. Two chambers, separated by a barrier, form 
fluidically isolated areas that, for example, each hold less 
than 2 uL of fluid (100 um high, 1500 um wide, and 8 mm 
long). Other chamber arrangements involving more than 2 
chambers and/or different shaped geometries are also 
contemplated as being within the scope of the invention. 
In the embodiment of the invention illustrated in Figure 1, 
the top part of the device is formed by replica molding 



PDMS against the master (step E). Releasing tlie PDMS and 
sealing it to a flat substrate completes the neuron cham- 
ber fabrication (step F). In at least one instance the entire 
device can fit on a 1" x 2" glass coverskip or a comparable 
substrate and compatible with phase or DIC and fluores- 
cent microscopy. The device can be covalently bonded to 
glass via air plasma treatment or simply pressed down on 
polystyrene tissue culture dishes to create water tight- 
seals with the substrates. 
[0026] As was mentioned above, the master for each device can 
be fabricated by patterning two layers of photoresist. 
More specifically, a high resolution printer (e.g., 20,000 
dpi) may provide a mechanism for generating a first 
transparency mask from a CAD file in order to create a set 
of microchannels (e.g., approx. 10 um wide, spaced 50 
um, although other variations are also contemplated). SU- 
8 5 photoresist can be spun on an air-plasma-cleaned sil- 
icon wafer at a rate of approximately 4000 rpm for ap- 
proximately 60 s to obtain an approximate thickness of 3 
um. The transparency mask can be used to pattern the 
SU-8 5 photoresist and SU-8 50 can be used as a second 
layer and spun at approximately 1000 rpm for approxi- 
mately 60 s. A second mask may be used to create cham- 



ber areas (e.g., somal and neuritic chambers) by printing 
and aligning tlie second masl< to tlie first pattern. In one 
embodiment of the invention the second mask is printed 
at approximately 5080 dpi with a resolution of approxi- 
mately 35 um aligned to the first pattern. Although one of 
ordinary skill in the art will recognize that other masking 
alternatives are also available. 
[0027] After developing, the wafer may be placed in a clean Petri 
dish and treated (e.g., with 

(tridecafluoro-l,l,2,2-tetrahydrocty) trichlorosilane) to 
facilitate removal of the PDMS from the master mold. 
PDMS can made using a 10:1 ratio of prepolymer and cat- 
alyst or using any other acceptable molding technique. 
The Petri dish containing the wafer can then be heated 
(e.g., in a dry oven for 1 hour at 70 "C and Ethanol or 
some other chemical with sterilizing properties can be 
used to sterilize the devices. Glass coverslips (22 mm _ 30 
mm, no. 1 thickness. Proper) can be cleaned by sonication 
in an ethanol solution for 30 min and then treated in an 
air plasma cleaner for 10 min to remove residual materials 
from the surfaces. The tissue culture dishes and glass 
coverslips can coated with poly-L-lysine (Sigma) at 50 ug/ 
ml in sterile H20 for 2 hours room temperature. The de- 



vices and tissue culture dislies are typically air-dried for a 
period of time (e.g., overnight) before use. 
[0028] Culture of Embryonic Rat Cortical Neurons. 

[0029] The device is adaptable for use in a variety of culture en- 
vironments and may, for instance, be used to culture E18 
rat cortical neurons or other neurons. For purposes of il- 
lustration the process of using cortexes of E18 rat em- 
bryos is described herein. However, as one of skill in the 
art will recognize after reading the invention described 
herein, the invention is not limited to this specific exam- 
ple, but has uses in many different culturing environ- 
ments. 

[0030] Briefly, cortexes of E18 rat embryos may be dissected in 
CMF-HBSS [calcium- and magnesium-free Hanks' bal- 
anced salt solution (HBSS) containing ImM pyruvate, 
4.2mM sodium bicarbonate, and 0.3% bovine serum albu- 
min (BSA)], rinsed with CMF, and resuspended in a trypsin 
solution (0.125% trypsin in CMF-HBSS containing 0.5 mM 
EDTA) for 7 min at 37 °C or 25 min at ambient tempera- 
ture. Trypsinization may be topped with Dulbecco's modi- 
fied Eagle's medium (DMEM) containing 10% fetal calf 
serum, the tissue can then be centrifuged at 1000 rpm for 
Imin, and the resulting cell pellet can be resuspended in 



2 mL of culture medium (Neurobasal medium, Gibco 
21103, containing B27 supplement, Gibco 17504, Gluta- 
IVIAX, Gibco 35050, and penicillin-streptomycin, Gibco 
15070). Following trituration through fire-polished Pas- 
teur pipets with the diameter maximally 50% constricted, 
the cell suspension may be filtered through a 40um cell 
strainer, and viability determined with trypan blue. Gells 
may be plated with densities from 1 to 4 x 106 cells/ml. 
For plating inside microfabricated devices, cell suspension 
can be diluted 25-fold from control to obtain comparable 
cell density per area. 
[0031] Microscopy. 

[0032] Phase contrast and epifluorescent images of cultures 

within the device can be taken using a digital image cap- 
ture system (e.g., an inverted microscope NikonTE300, a 
CCD camera, and MetaMorph (Universal Imaging, PA). DG- 
4 can be used as an excitation light source which has an 
internal shutter controlled by MetaMorph in order to take 
time-lapse images at different excitation wavelengths. It 
is also feasible to use a motorized stage to take images at 
multiple locations throughout the samples. The benefit of 
using this or any other image technique is that it enables 
the researcher to monitor activity within the microfluidic 



device for purposes of observation. Tlius, the invention 
contemplates the use of any image system adapted for 
use with the microfluidic device described herein. 
[0033] Substrate Patterningit is feasible to selectively absorb and 
pattern poly-Llysine on the surface of tissue culture 
dishes. The PDMS elastomeric mold, having (for example) 
25 um lines and spaces with a depth of 50 um, can be 
cast from patterned silicon wafers generated with SU-8 50 
by using photolithography. The degassed 10:1 mixture of 
elastomer and curing agent can then be poured over a 
master pattern and cured at 70 "C for 1 h. The PDMS mold 
can be sterilized with ethanol and allowed to dry for at 
least 1 h; a sterile tissue culture dish can be used as the 
substrate for the mold. A drop of a 50 ug/mL solution of 
poly-L-lysine (PLL) in sterile deionized (Dl) water can be 
placed at an open end of the network of channels, which 
fills the channels by capillary action. After filling the chan- 
nels, the solution is incubated for a period of time (e.g., 
one hour) to allow absorption onto the surface. After this 
step the PDMS mold is removed and a fresh buffer solu- 
tion or sterile deionized water is used to wash away the 
excess solution. 

[0034] Microcontact printing can be used to create poly-L-lysine 



on coverglass. The PDMS elastomeric stamp having 25 um 
lines and spaces with a depth of 10 um can be cast from 
patterned silicon wafers generated with SU-8 10 by using 
photolithography. The degassed 10:1 mixture of elas- 
tomer and curing agent can be poured over a master pat- 
tern and cured at 70 "C for 1 h. The elastomer stamp can 
be peeled away from the master pattern after cooling. The 
ink can be prepared under ambient atmosphere using a 5 
mg/mL solution of octadecyltrichlorosilane (OTS) in a 
hexane solvent. The patterned face of the PDMS stamp 
can be coated with a solution of OTS by a spin-coating 
technique at 1500 rpm for 30 s, dried in a stream of ar- 
gon for 30 s, and then placed on top of a precleaned glass 
surface and kept in contact with the inked stamp for 30 s. 
After contact printing, the OTS patterned sample can be 
rinsed thoroughly in isopropyl alcohol and immersed in a 
50 ug/mL solution of PLL in water for 2 h. Once created, 
the sample can be rinsed in water and dried. Micropat- 
terns on the glass substrates may be verified using fluo- 
rescence microscopy; the micropatterned surface can be 
exposed to a solution of 10 ug/ mL fluorescein isothio- 
cyanate (FITC; Molecular Probes, Eugene, OR) in PBS (pH 
7.4, 50 mM) at 37 "C for 30 min: the terminal-NH2 group 



reacts with the isothiocyanate group of FITC yielding 
FITC-conjugated PLL patterns. The patterned glass sub- 
strate can then be washed with Dl water and ethanol. 
[0035] Design of Neuronal Devices. 

[0036] In one or more embodiments of the invention the neu- 
ronal culture devices are fabricated in PDMS. Making the 
devices using PDMS is beneficial (but not required) be- 
cause: (1) PDMS is optically transparent and well suited for 
live cell imaging, (2) many molds can be made from the 
same master with reproducible results, (3) PDMS can be 
covalently sealed to glass using plasma bonding, and (4) a 
watertight seal can also be made with polystyrene or other 
flat substrates by conformal contact. Both glass and 
polystyrene tissue culture dishes can be used as sub- 
strates for the device. 

[0037] It is possible to stay within the scope and spirit of the in- 
vention by adapting the shape and generalized arrange- 
ment of the neuronal culture devices described herein. 
Any device comprising at least two independent compart- 
ments (e.g., neuritic and somal compartments) and having 
a middle region, regardless of shape falls within the scope 
of the invention. In one or more embodiments of the in- 
vention the neuritic and somal compartments are con- 



nected by a middle region liaving a number of micro- 
grooves of a certain widtli, lieiglit, and length. Various 
sizes, shapes, configurations, and number of grooves are 
possible. For instance one multi-compartment device iso- 
lates somas to a single compartment, while allowing neu- 
ritis to grow through a barrier with embedded micron- 
sized channels into a chamber containing only neurites. 
The distance of the middle region can vary. For instance, 
when using cortical and hippocampal neuron cultures it 
may be necessary to optimize outgrowth by creating a 
chamber that allows neurites to enter the outer compart- 
ment after modest period of outgrowth. Chambers with a 
relatively short barrier distance (e.g., ~100um versus 
~300um) are sometimes useful. Microfabrication tech- 
niques ensure the device is capable of fluidically isolating 
the somal and neuritic chambers while still allowing for 
neurites to grow through the barrier. The microfluidic de- 
vice configured in accordance with one or more embodi- 
ments of the invention may have virtual or physical barrier 
regions. 

[0038] In one embodiment of the invention, for instance, the de- 
vice contains 120 grooves, 10 um wide, 3 um high, and 
150 um in length. The grooves can be spaced, for in- 



stance, 50 um apart to prevent the grooves from collaps- 
ing. Other sizes of grooves and spacing are possible, but 
generally speaking the size of the grooves should be small 
enough that dissociated neurons during loading do not 
pass over to the adjoining neuritic compartment. This de- 
sign simplifies the loading process and allows selective 
placement of neurons in one compartment. 

[0039] In one embodiment of the invention holes are placed in 
each device that serve as loading inlets and cell medium 
reservoirs for nutrient and gas exchange. The device may, 
for instance, contain four holes (8 mm in diameter), two at 
either end of each compartment. When small holes 
(2.3mm diameter) are used, the devices quickly dried out 
after a few days. Even if cell culture medium is added fre- 
quently, there is a low cell viability with such small holes 
due to poor exchange of nutrients, wastes, and gases 
such as C02. In an example embodiment, the volume in 
each covered compartment (i.e., without the reservoirs) is 
less than 2 uL. In comparison, the combined reservoirs for 
each compartment can hold up to 400 uL. By having such 
small culture volumes, reagent amounts can be reduced 
from traditional culturing methods. 

[0040] After a varying time period (e.g., approximately 3-4 days) 



of growth, neurites from the somal compartment extend 
into the neuritic compartment. Although other rates of 
growth are feasible, the rate of neurite outgrowth in tests 
conducted using embodiments of the invention was be- 
tween 50 and 100 um per day. After an appropriate 
amount of time (e.g., 7 days, or when an insult is desired) 
a quantity of medium (e.g., 15 uL) can be transferred from 
the neuritic compartment to the somal compartment, 
leaving a net volume difference (e.g., of 30 ul assum- 
ing the volumes in the two compartments have equili- 
brated during the past 7 days). A solution (e.g., 5 uL) con- 
taining the insult can then be administered to the neuritic 
side. When performing these operations, it is important to 
use caution when adding and withdrawing equivalent 
amounts to wells on the same side in order to minimize 
convective flow effects. 
[0041] Virtual Barrier. 

[0042] The virtual barrier chamber rely on the fact that the flow 
of liquids in capillaries often has a low Reynolds number 
(Re) and is laminar. When two or more streams with low 
Re are joined into a single stream, the combined streams 
flow parallel to each other without turbulent mixing. This 
ability to generate and sustain parallel streams of differ- 



ent solutions in capillaries between two streams can be 
utilized as a virtual barrier. By streaming different solu- 
tions containing media (green) and insult (red) over the 
neurons, the device can maintain a virtual barrier and ex- 
pose only a select portion of the neuron to the stimuli or 
insult. Figure 11 illustrates a schematic representation of 
virtual barrier device and examples of virtual barriers be- 
tween two fluorescently labeled solutions. A PDMS piece 
containing Y-shaped microchannel embedded on its sur- 
face can be placed and bonded to a glass coverslip to 
form a network of channels. Fluids can be infused into the 
channel using syringe pumps as indicated in the scheme. 
The fluorescent micrograph show the junction where the 
two streams converge, one containing FITC labeled dex- 
tran (representative of media) and the other containing 
Texas Red labeled dextran (representative of insult). The 
relative width of the streams can be controlled by adjust- 
ing the relative volumentric flow rates of the streams. The 
volumetric ratio of Green/Red flow varied from 1, 3, and 5 
for (A), (B), (C) respectively. Figure 11 shows successful 
demonstration of the virtual barrier chamber. The mi- 
crofluidic device can be prepared by placing a PDMS piece 
with embedded channels (300 um wide and 100 um high) 



onto a flat substrate. An embodiment of the invention can 
be fabricated as a "Y-shape" microcliannel having two in- 
lets that converge into a single main channel. The two in- 
lets were attached to syringe pumps containing FITC- 
dextran (green) and Texas Red-dextran (red), respectively. 
By allowing different solutions to flow from the inlets, 
parallel streams of different liquids created in the main 
channel. Under these conditions, there is no turbulence 
and streams flow next to each other with diffusive mixing. 
The width of the stream and the position of the interface 
between adjacent streams can be controlled by adjusting 
the relative amounts of fluid injected into each inlet. As 
the ratio of flow rate for green/red solution was in- 
creased, the relative width of the green solutions in- 
creased in corresponding manner as shown in the series 
of fluorescent micrographs in Fig 11a to 11c. 
[0043] Figure 12 illustrates a schematic for the fabrication of vir- 
tual barrier microfluidic neurochamber. This design uses a 
"Y-channel" design takes advantage of the laminar flow 
characteristics of flow behavior to selectively expose por- 
tions of neuron to apoptotic insults. However, designs 
having other geometries are feasible. Rapid prototyping of 
such custom devices can be performed in less than 24 



hours. Therefore it is possible to try many different ge- 
ometries. The process starts with designing the device 
layout using a CAD program from which a high-resolution 
transparency photomask will be generated. This pho- 
tomask can be used to selectively expose a thick photore- 
sist (light sensitive polymer) that was spun on a flat sub- 
strate (i.e. Si wafer), Figure 12A. Developing the photore- 
sist will leave a positive relief that can serve as a master 
mold having a positive relief (150 ?m) of "Y-shaped" mi- 
crochannel, Figure 12B. A negative relief of PDMS will be 
formed by casting and curing the prepolymer of PDMS 
against the positive master, Figure 12C. This PDMS replica 
with embedded channel can be bonded against a glass 
substrate to produce the required systems of microfluidic 
channels and chambers. Inlet and outlet ports for the fluid 
and cells can be punched out of the PDMS using a sharp- 
ened tool, Figure 12D. The completed device should be 
sterilized using ethanol and dried before use. 
[0044] Physical Barrier The fabrication of physical barrier cham- 
ber is similar to the virtual barrier chamber except for an 
additional photolithography step to generate a series of 
small channels in the barrier which will allow neurons' 
processes to grow across the barrier while minimizing 



mixing of fluids. Tlie first pliotolitliograpliy step (Figure 
lA and IB) generate relief of narrow and thin channels 
with dimensions less than 10 um. The length of the chan- 
nels, which define the length of the barrier between the 
soma and neurite chambers, can vary from -50 to -200 
um. Optimum width of barrier that allows neurites to grow 
across in reasonable time (several days) and yet perform 
reproducible barrier function depends on the situations of 
the test. The size as well as the density of these channels 
can be varied for optimal growth. The second pho- 
tolithography step, Figure IC and ID, will define the mi- 
cro-compartments in which the neurons will be cultured. 
These areas will be relatively larger (150 um high, 1500 
um wide, and 1.5 cm long) compared to the first pattern 
for the channels. Once the master mold is fabricated, 
PDMS prepolymer can be cast and cured to replicate the 
relief pattern and placed on a flat substrate to complete 
the device. Before assembling the PDMS with a substrate, 
holes for reservoir can be punched out in PDMS using a 
simple sharpened tool to allow addition and removal of 
media and other insults. Because the total volume of liq- 
uid to fill the chamber of this size is minute (-25 ul) com- 
pared to volumes needed for conventional Campenot 



chamber or Petri dish (several ml), the amount of insults 
and media required for the experiments is drastically re- 
duced. 

[0045] Another design would be to etch the microchannels on the 
glass or plastic substrate while keeping a solid barrier in 
PDMS. Fabrication of microfluidic device is simpler and 
easier to use if it can be used with any flat substrate. The 
fabrication of channels in substrate will require access to 
cleanroom and sophisticated instruments that most biol- 
ogy laboratories do not have access to. If the physical 
barrier device can not maintain fluidic integrity, the re- 
searcher can load different amounts of liquid to the 
chambers such that slow flux of liquid counteracts the 
mixing of agonists into the soma chamber. For example, 
we can add slightly more volume of liquid into the soma 
chamber compared to the neurite chamber (into which in- 
sults will be introduced) to generate hydrostatic pressure 
such that the insults from the neurite chamber do not 
make it across the barrier. 

[0046] Design of the chamberAs discussed in the previous sec- 
tion, two distinct chamber designs are depicted, but other 
designs or a hybrid of both designs is also feasible. The 
two designs depicted have distinct advantages and disad- 



vantages. Although the design and fabrication of the vir- 
tual barrier chamber is simpler, the experiment using this 
device is more labor and equipment intensive. IVIost im- 
portant, this chamber requires a dedicated syringe pump 
(or other suitable ways to deliver two or more streams 
containing media and insult in controlled manner) such 
that only one experiment can be performed with one de- 
vice. Since the virtual barrier exists only for constant per- 
fusion of fluids, the amount of reagent required for this 
method can be significant (-several ml), comparable to 
that for conventional methods. 

[0047] In comparison, the physical barrier design allows experi- 
ments in a parallel fashion, that is several chambers can 
be prepared, loaded with neurons, and yet each chamber 
can be used to test different experimental conditions. The 
main drawback of the physical barrier design is that fabri- 
cation of the "master" mold is slightly more challenging 
and it takes considerable engineering efforts to optimize 
the chamber design to guarantee that the chambers are 
fluidically isolated. To determine an optimal design the 
physical barrier chamber can be extensively tested using 
fluorescent and isotope labeled dyes. 

[0048] Viability of Neurons inside the Microfabricated Device. 



[0049] Viability of neurons in tlie device is important because it 
demonstrates that the neurons are healthy and not ad- 
versely affected by the device microenvironment and the 
materials that were used in fabrication. When the viability 
of neurons inside the microfabricated device is compared 
with a control (tissue culture dish) after 7 days of culture 
an estimate as to viability can be determined. The viability 
was assessed using calcein AM and ethidium homodimer 
live/dead stain (Molecular Probes). Results are shown in 
Figure 2. Viability in the device was approximately 10-20% 
lower than in tissue culture controls. The viability of neu- 
rons can be very sensitive to cell density. To get accurate 
viability data, tests where conducted using similar cell 
densities in the devices and controls. A plating density of 
3 _ 106 cells/mL was used for the devices and diluted this 
1:25 for the tissue culture controls which gave us an aver- 
age of 1.5 _ 105 cells/cm2 for both devices and controls. 
For each experiment, three devices and one control were 
used. If the three devices were judged to be equivalent, 
live/dead staining was done on only one of the samples. 
Morphologically, the cells in the devices were equivalent 
to the controls as shown in Figure 2A,B. The slightly lower 
viability inside the devices may be due to increased salt 



concentration from evaporation and lower nutrient and 
gas excliange due to the smaller total volume of media. 
Also, an increased ratio of dead cells may get trapped in 
the device because of the small compartment height (100 
um). 

[0050] Targeted Insult Application, Isolation, and Characteriza- 
tion. 

[0051] The neuronal device configured in accordance with at 

least one embodiment of the invention allows users to ini- 
tiate targeted insults by isolating the insult in the neu- 
ronal compartment using hydrostatic pressure or some 
other way to minimize migration / diffusion into other 
compartments (e.g., the somal compartment). To prepare 
the device for initiating such insults, the user typically 
seals the device top to a culture dish. For instance, the 
user may contact seal the PDMS top to the polylysine- 
coated tissue culture dish. The microfabricated device 
may then be filled with PBS (_200 uL in each somal and 
neuritic chamber) and placed in a water- saturated incuba- 
tor for 12 h for the fluid levels to equalize. Once the de- 
vice is appropriately prepared, the following exemplary 
procedure can be used to create hydrostatic pressure be- 
tween the chambers: a quantity of PBS (e.g., appox. 125 



uL) may be added to the somal compartment, dividing tlie 
volume between the two reservoirs. Then, a quantity (e.g., 
approx 100 uL of) of fluorescein (6 uM) in PBS can be 
quickly added to the neuritic compartment, again, dividing 
the volume between the two reservoirs. The slightly higher 
volume on the somal side caused a slow net flow of liquid 
from the somal to the neuritic compartment that acts 
against leakage or diffusion of fluorescein from the neu- 
ritic to the somal compartment. 
[0052] Jo determine effectiveness fluorescence images can be 
taken every half hour for over 15 h using an exposure 
time of 200 ms with a FITC filter at three separate loca- 
tions in each side of the somal and neuritic chamber. In- 
tensity measurements can be obtained by recording the 
average intensity reading of each image. Figure 3 illus- 
trates fluidic isolation using fluorescence intensity mea- 
surements of fluorescein (400 Da) in somal and neuritic 
compartments. The left side is the somal chamber (300), 
and the right is the neuritic chamber (304). The dotted 
white line delineates the boundaries of the barrier (302). 
(A) The initial fluorescence micrograph (t ) 1 h) shows that 
fluorescein is isolated to the neuritic compartment. (B) A 
fluorescence micrograph of the same region after 15 h 



shows that the insult is still isolated to the neuritic com- 
partment. (C) shows the fluorescence intensity of fluores- 
cein in the somal and neuritic compartment as a function 
of time (306). The fluorescence intensity in the somal side 
at background levels (e.g., below 7% of the maximum in- 
tensity (i.e., noise level)) for over 15 h, indicating that 
there is no leakage of fluorescein into the somal compart- 
ment during this period. The fluorescence intensity of flu- 
orescein in the neuritic compartment decreases to 50% of 
the maximum due to dilution by the net flow of fluid from 
the somal compartment. Similar results were obtained for 
devices on glass (data not shown). The graph indicates 
that fluorescein is isolated in the neuritic side throughout 
the period of measurement, but could sustain such isola- 
tion for longer periods of time. 
[0053] There are various ways to illustrate the function and ef- 
fectiveness of the device described herein. In one embodi- 
ment of the invention, neurons can be cultured in the mi- 
crofabricated device in a manner that allows the neurites 
to extend over to the neuritic compartment. Figure 4 il- 
lustrates a demonstration of neuronal culture inside the 
microfabricated device and effectiveness of neuritic insult 
containment. 



[0054] calcein AM and Texas Red dextran (MW ) 10 kDa) can be 
added to the neuritic chamber for better visibility before 
tal<ing the micrographs. A positive hydrostatic pressure 
difference can be set up between the somal and neuritic 
chambers as explained in Figure 3. Figure 4A is a phase 
contrast micrograph of the neurons in the microfabricated 
device after a period if time in culture (e.g., 4 days). Texas 
Red dextran (10 kDa) and calceinAM (1 kDa) was added 
into the neuritic compartment 1 h before taking the fluo- 
rescence micrograph, Figure 4B. A slight pressure head, 
corresponding to a volume differential of 20 uL of 
medium, was established in the somal side in order to en- 
sure that dextran or calcein AM did not migrate from the 
neuritic to the somal side. Texas Red dextran was used to 
simulate the insult in the neuritic compartment and is 
clearly delineated by the barrier boundary (Figure 4B). 
Since calcein AM was added to the neuritic compartment, 
only the neurons with processes entering this compart- 
ment were illuminated. The phase contrast image shows 
additional neurons that were not stained with calcein AM 
because they did not have processes extending into the 
neuritic compartment; this illustrates that the neuritic 
compartment is fluidically isolated. 



[0055] Substrate Micropatterning. 

[0056] In addition to simply isolating somas from their pro- 
cesses, embodiments of the invention are able to pattern 
the growth of neurites on the substrate inside the micro- 
fabricated device. Micropatterning of the cells and their 
processes facilitates identification of cells and improves 
visualization of results. For instance, if one needs to in- 
vestigate the disruption in transport of cellular cargos 
such as mitochondria after injury to distal neuronal pro- 
cesses, it is helpful to determine the direction of transport 
by identifying the relative position of a soma with respect 
to its neurites. In a random culture on a tissue culture 
dish, due to entangled network neuritis and axons, this 
simple determination cannot be performed easily. If the 
cell body is positioned in one side of the device (on the 
somal side) and its processes are guided and oriented in a 
predetermined direction, the determination of antero- 
grade or retrograde transport can be greatly simplified. 

[0057] Figure 6 illustrates a schematic of the different ap- 
proaches for patterning neurons. Photolithography (A) mi- 
cromolding in capillaries (MIMIC) (B), microcontact print- 
ing (B), and any other methodology that accomplishes the 
same or a similar result can be used to pattern proteins 



that promote selective neuron attachment and growth and 
confine neurite outgrowth. 

[0058] When photolithography is used to generate such patterns 
a poly-lysine or laminin-coated glass or polystyrene sub- 
strate is overlayed with a mask (600) (e.g., chrome on 
quartz photomask) and illuminated with UV light (e.g., a 
low pressure mercury lamp). A photomask (600) that has 
strips of opaque regions results in a positive pattern of 
protected protein strips. Laminin (602) under the trans- 
parent area of the photomask will be exposed to UV and 
become inactivated (604), losing both its neurite out- 
growth-promoting activity and much of its reactivity with 
anti laminin antibodies. UV exposed poly-lysine also 
shows similar properties. 

[0059] Micromolding in capillaries (MIMIC) represents an alterna- 
tive to photolithography that can pattern proteins as well 
as other biological molecules. In MIMIC, an elastomeric 
mold (PDMS) is placed on the substrate with a relief struc- 
ture in the mold that forms a network of empty channels. 
With the correct channel geometry an aqueous solution 
placed on one side of the channels will fill them by capil- 
lary action. The solution is then left in the channels for a 
set amount of time to allow absorption onto the surface. 



[0060] Another exemplary method of patterning, microcontact 

printing, can be used to create poly-L-lysine lines on cov- 
erglass. Microcontact printing uses an elastomeric stamp 
(PDMS with a patterned relief structure on its surface) to 
print a variant of molecules with micron resolution. An 
elastomeric stamp can be made by curing PDMS against a 
microfabricated master. The surface is coated with the 
desired molecules (for printing proteins, the PDMS stamp 
is exposed to oxygen to plasma to render its surface hy- 
drophilic) and placed in conformal contact with the sub- 
strate. If a stamp with strips of lines (raised regions) sepa- 
rated by spaces (recessed regions) is used as shown in the 
figure, the molecules/proteins from the raised region will 
be transferred onto the host substrate. Microcontact 
printing has the advantage of simplicity and convenience: 
once the stamp is available, multiple copies of the protein 
pattern can be produced using a straightforward method. 
Microcontact printing works particularly well on glass 
substrates due to the smooth surface of the glass. 

[0061] Figure 5 illustrates that when using substrate micropat- 
terning the microfabricated device allows oriented growth 
of neuron processes across fluidically isolated chambers. 
The invention contemplates various mechanisms for sub- 



strate patterning, however in one exemplary embodiment 
(see e.g., Figure 5A) fluorescence micrograph of polylysine 
patterned lines conjugated with FITC on a polystyrene tis- 
sue culture dish. MIMIC can be used to pattern the lines 
with widths of 25 um and a spacing of 25 um. Bright lines 
indicate the region of patterned polylysine conjugated 
with FITC. Figure 5B illustrates fluorescence micrograph of 
microcontact-printed polylysine lines conjugated with 
FITC on a glass coverslip. Microcontact printing can be 
used to pattern the lines with widths of 25 um and a 
spacing of 25 um. Figure 5C shows a phase micrograph of 
neurites crossing the barrier from the somal to the neu- 
ritic chamber via the grooves while following the polyly- 
sine pattern on a tissue culture dish patterned by MIMIC 
(e.g., 25 um wide lines with 25 um spacing). 
[0062] As was briefly mentioned above and will now be described 
in more detail, embodiments of the invention use MIMIC 
to pattern tissue culture dishes with polylysine. MIMIC 
represents a technique that can pattern protein and other 
biological molecules.4,5,10. In MIMIC, the PDMS mold is 
placed on the surface of the plastic substrate and makes 
conformal contact with the substrate. The relief structure 
in the mold forms a network of empty channels. It is ad- 



visable to use sterile conditions for creating our l\/lll\/IIC 
patterns. Wlien tlie PDI\/IS mold is removed, a pattern of 
protein remains on the substrate. Figure 5A sliows a fluo- 
rescence micrograph of FITC, which was conjugated to 
amine groups in polylysine. Microcontact printing (uCP) is 
an efficient method for patterning proteins, polymers, and 
self-assembled monolayers (SAMs).4,5,10 microcontact 
printing uses an elastomeric stamp (PDMS with a pat- 
terned relief structure on its surface) to print a variety of 
molecules with micron resolution. An elastomeric stamp 
can be made by curing PDMS against a microfabricated 
master. The surface is coated with the desired molecules 
(for printing proteins, the PDMS stamp will be exposed to 
an oxygen plasma to render its surface hydrophilic) and 
placed in conformal contact with the substrate. If a stamp 
with strips of raised regions separated by recessed re- 
gions is used, the molecules/proteins from the raised re- 
gion is transferred onto the host substrate. 4, 5 Figure 5B 
shows the FITC conjugated pattern of polylysine on glass 
using microcontact printing. Figure 5C shows the growth 
of neurites across the barrier, via the grooves, along pat- 
terned polylysine lines. The polylysine pattern can be 
formed in one embodiment of the invention on a tissue 



culture dish using l\/lll\/IIC. Patterning of tlie substrates witli 
polylysine prior to assembly with a PDMS device is simpli- 
fied because the polylysine pattern can be dried and even 
sterilized with ethanol. This figure illustrates that the sub- 
strate patterning methods (e.g., microcontact printing and 
MIMIC) can be combined with a microfabricated device to 
direct the sites of neuronal attachment and the orientation 
of neurite outgrowth. Combined with fluidically isolated 
compartments, this approach offers significant advan- 
tages over standard open culture methods and other con- 
ventional methods for manipulating distinct neuronal mi- 
croenvironments. 
[0063] Microfluidic Gradient CeneratorFigure 7 illustrates a 

schematic diagram of a microfluidic network and a repre- 
sentative microfluidic generator configured in accordance 
with at least one embodiment of the invention. The two 
incoming channels (A and B) are connected to fluid 
sources (e.g., dye solutions). As the streams of dye travel 
down the network they are repeatedly split at the nodes, 
combined with neighboring streams, and allowed to mix 
by diffusion in the serpentine channels. When the streams 
are combined into a single, wide channel after several 
generations of branching channels, a gradient in concen- 



tration of the dye is formed across the channel perpendic- 
ular to the direction of flow. 

[0064] The generation of gradients using a network of microflu- 
idic channels is based on the controlled mixing of laminar 
flow fluids by repeated splitting, mixing, and recombina- 
tion of fluid streams. Since exchange of molecules be- 
tween laminar streams occurs exclusively by diffusion, it 
is important that the channels are narrow (20-50 um) and 
the interval of time that two laminar flow streams spend 
flowing side by side in the serpentine channel is suffi- 
ciently long that the fluids mix completely (the length of 
the serpentine mixing zone was ~10 mm, and flow speeds 
were between 0.1-1 mm/s). 

[0065] A small molecule (e.g. fluorescein) diffuses approximately 
55 um within one second (using D = 5.0 10-6 cm2/s for 
fluorescein). At the end of the broad channel, the fluid is 
collected in a waste reservoir. The concentration profile at 
a particular section across the small channels of the net- 
work or the broad channel is constant over time (that is 
the concentrations within the channel are at steady state), 
because the solutions are continuously added and re- 
moved from the system. 

[0066] Figure 8 illustrates fluorescence micrographs showing (b) 



linear and (c, d) parabolic gradients of fluorescein in solu- 
tion. The microfluidic network used for generating these 
gradients had 3 inlets and 9 outlets (a). The concentration 
of the solutions introduced into each inlet of the microflu- 
idic network is indicated above the micrographs. The plots 
below the micrographs show the corresponding fluores- 
cence intensity profile (green line) across the broad chan- 
nel (900 um wide) 500??m downstream (L, white dotted 
line) from the junction. The theoretically calculated con- 
centration profiles of fluorescein are shown as black, 
round dots. The gray lines and dots in the graphs show 
the calculated contribution of the individual inputs to the 
overall profile. The flow rate in the broad channel is 1 
mm/s. using a network of microfluidic channels is based 
on the controlled mixing of laminar flow fluids by the re- 
peated splitting, mixing, and recombining of fluid 
streams. Figure 8 shows three distinct concentration pro- 
files generated using a network having three inlets and 
nine outlets; the gradients were obtained by permuting 
the order at the inlets of three different solutions contain- 
ing 100, 50, and 0% fluorescein (fluorescein in 100 mM 
NaHC03 buffer, pH 8.3). The purpose of this type of mi- 
crofluidic device is to split, combine, and mix the solu- 



tions introduced at the inlet in a controlled way. While 
keeping the number of inlets low, the splitting in the 
pyramidal network increases the number of streams car- 
rying different concentrations and being brought together 
in the broad channel. As a result, complex gradients can 
be approximated with step-gradients made of a large 
number of small steps. The range of gradient shapes that 
can be produced using this method include linear, 
parabolic, periodic, and others. 
[0067] Figure 9 illustrates fluorescence micrographs of complex 
gradients possible with the microfluidic approach. (A) Mi- 
crographs of two different periodic gradients consisting of 
linear parts (saw-tooth) and parabolic parts (camel-back). 
(B) Micrograph of periodic, overlapping saw-tooth gradi- 
ents of fluorescein (green) and rhodamine (red). The plots 
below the micrographs show the corresponding fluores- 
cence intensity profile across the channels. The calculated 
(round dots) and experimental gradients showed good 
agreement in all experiments. Figure 9 shows three ex- 
amples of complex concentration gradients using this ap- 
proach. Saw-tooth and saddle shape gradients can be 
readily produced. The main advantage of generating 
chemical gradients using the microfluidic system is that 



precise gradients can be set up (micron-scale, relevant for 
cell biology) and maintained for several hours. In addition 
complex shapes and overlapping gradients can be cre- 
ated. 

[0068] To demonstrate the feasibility of using the gradient gen- 
erator microfluidic chamber for studying live cells, this 
microfluidic device was used to successfully observe 
chemotaxis of neutrophils in a gradient of chemokine. The 
successful demonstration of neutrophil migration in an IL- 
8 gradient using the microfluidic chemotaxis chamber il- 
lustrates its enormous potential in investigating the be- 
havior of neurons in a controlled microfluidic environment 
and the guidance of neurite outgrowth in a gradient of 
neurotrophins or axon guidance molecules. The microflu- 
idic device can be placed on a microscope during the ex- 
periment and time-lapse micrographs taken at 15 sec in- 
tervals. Computer controlled syringe pump is used to in- 
fuse the media and chemokine into the device. The cells 
were placed in a narrow band (Figure lOA and B) along the 
left edge of the channel at the beginning of the experi- 
ment and allowed to migrate across the channel for 90 
minutes. The effect of linearly decreasing concentration of 
IL-8 on neutrophil migration is shown in Figure lOA. The 



cells were initially placed on the side with the higher con- 
centration of IL-8 and allowed to migrate. After 90 min- 
utes, the cells remained on the left side of the channel. In 
sharp contrast, Fig lOB shows the effect of reversing the 
linear gradient established in the previous experiment. 
The cells were initially placed on the left side with the 
lower concentration of IL-8. Ninety minutes after the in- 
troduction of the gradient, most of the cells were moving 
across the device towards the side with the higher con- 
centration. In Fig IOC the neutrophils were initially ran- 
domly distributed throughout the channel and a linear 
gradient of IL-8 was applied. After 90 minutes most neu- 
trophils have moved towards the side with the higher con- 
centration of IL-8. Furthermore, the quantitative migration 
data obtained from these preliminary experiments with 
neutrophils (i.e. migration speed) agree well with the pub- 
lished values reported in the literature. Human cancer 
cells chemotax in a similar manner when exposed to gra- 
dients of a variety of growth factors (data not shown). The 
successful demonstration of neutrophil migration in an IL- 
8 gradient using the microfluidic chemotaxis chamber il- 
lustrates its enormous potential in investigating the be- 
havior of neurons in a controlled fluidic microenviron- 



ment. 

[0069] ConclusionEmbodiments of the invention are directed to a 
microfabricated neuronal culture device that allows di- 
rected growth of neurites and isolation of neurites from 
their cell bodies. The device can use hydrostatic pressure 
to isolate insults to one compartment and, thus, expose 
localized areas of neurons to insults. Due to the high re- 
sistance of the microgrooves for fluid transport, insults 
are contained in the neuritic compartment without appre- 
ciable leakage into the somal compartment for a certain 
period of time (e.g., over 15 h). One embodiment of the 
invention uses polylysine patterning in combination with 
the microfabricated device to facilitate identification and 
visualization of neurons. The ability to direct the sites of 
neuronal attachment and the orientation of neurite out- 
growth by micropatterning techniques, combined with 
fluidically isolated compartments within the culture area, 
offers significant advantages over standard open culture 
methods and other conventional methods for manipulat- 
ing distinct neuronal microenvironments. 



